The molecular structure of pyruvic acid was investigated by matrix isolation FTIR spectroscopy, density functional theory (DFT), and ab initio calculations performed at the RHF, MP2, MP4(SDQ), and CCSD(T) levels of theory with the aug-cc-pVDZ basis set. In these calculations, the geometries of the three lowest energy conformers of pyruvic acid were fully optimized at the DFT/B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels. Additionally, the relative energies of the conformers were calculated at the MP4, CCSD, and CCSD(T) levels. Harmonic frequencies and IR intensities were then calculated for these three conformers and were used to account for the zero point vibrational energy corrections and to assist the assignment of the observed bands to the different forms. We found that two conformers are present in the Ar matrix, and both forms exhibit a planar framework with the carbonyl bonds in a trans arrangement but differ in the orientation of the hydroxyl hydrogen. By varying the temperature of the pyruvic acid vapor prior to matrix deposition we were able to separate the bands due to the two conformers and measure their enthalpy difference. The spectral signature of the second pyruvic acid conformer has been identified for the first time. Experimental enthalpy difference between the two most stable conformers was found to be 8.7((15%) kJ mol -1 , which is in good agreement with the theoretical result. a Values less than 0.05 rounded to zero. b Potential energy distributions (PED) calculated at MP2 level are given in square brackets. Only contributions g10% are listed. c Abbreviations and approximate description, see footnotes to Table 3 .
Introduction
Pyruvic acid, CH 3 -CO-COOH, plays a fundamental role in biological systems. This molecule is also interesting from the viewpoint of structural chemistry, since it can assume different conformers due to intramolecular rotation along the single C-C and C-O bonds. Pyruvic acid is a similar system to natural amino acids, which we have studied before, [1] [2] [3] and like amino acids, shows an appreciable trend to decompose. In the case of the amino acids, we have shown that the lowtemperature matrix isolation technique combined with IR spectroscopy can be successfully used to study these unstable compounds experimentally. [1] [2] [3] In the present work we applied the same approach to pyruvic acid.
Previous ab initio molecular orbital calculations on monomeric pyruvic acid 4, 5 predicted the existence of four conformers, all exhibiting a planar heavy-atom framework with two methyl hydrogens symmetrically situated with respect to the molecular plane ( Figure 1 ). In this work we will follow the nomenclature used for the pyruvic acid conformers in ref 4, which named conformers according to the magnitude of the CCC-O and CCOH angles. The upper-case letter (C, cis; T, trans) will refer to the CCC-O angle; the lower-case letter (c or t) will refer the CCOH angle.
Conformer Tc was found to be the lowest energy structure. [4] [5] [6] [7] [8] Ct and Tt species were predicted to have higher energies than Tc within the range 2-12 kJ mol -1 , depending on the level of calculation. 4 In relation to the experiment, this energy difference means that conformers Tt and Ct, along with Tc, could be present in the gas-phase pyruvic acid in noticeable amounts. The fourth possible conformer, Cc, has a much higher energy (from 44.93 to 52.80 kJ mol -1 above Tc 4 ) and is of less experimental interest. Theoretical studies [6] [7] [8] analyzed in more detail the exact equilibrium arrangement of the methyl group in pyruvic acid. As found for other molecules bearing a methyl group adjacent to a carbonyl (e.g., acetic and thioacetic acids, acetone, acetaldehyde [9] [10] [11] ), it is now well established that in pyruvic acid the methyl group assumes a conformation where one of the hydrogen atoms is syn periplanar with respect to the carbonyl oxygen. The highest stability of this conformation is due to more favorable π(CH 3 ) f π*(CdO) group orbital interactions and hyperconjugation through the σ bond system. 8, 9 Several microwave studies of gaseous pyruvic acid have been reported. [12] [13] [14] [15] In consonance with the theoretical predictions, the main conclusion from these studies is that the most stable conformation is Tc. No other conformers have been experimentally found by this method. On the other hand, infrared studies of gaseous pyruvic acid 16 revealed the existence of two pyruvic acid forms at temperatures between 363 and 453 K. The most stable Tc conformer could be easily identified spectroscopically due to the observation of the low-frequency OH and CdO stretching bands associated with the intramolecularly hydrogen-bonded groups in this form. On the other hand, the precise nature of the second conformer could not be established, although it has been proposed that the conformation adopted by the hydroxyl group in this form is with all probability trans (i.e., the second observed conformer could be either Tt or Ct). Hollenstein, Akerman, and Günthard undertook a matrix isolation infrared study of sixteen isotopic modifications of pyruvic acid. 17 In that study, an assignment was proposed for the vibrational spectra of all isotopic species, assuming that only the Tc conformer contributes to the observed spectroscopic features. However, the possibility of the presence of a small amount of another pyruvic acid conformer was not excluded. The authors also mention the presence of detectable amounts of impurities in all the samples, such as water, carbon dioxide, and acetic acid. To the best of our knowledge, no other experimental infrared studies on pyruvic acid have been reported since the work of Hollenstein.
Since there were theoretical prerequisites (low predicted energy gap between conformers 4 ) and experimental evidence (infrared detection of two conformers in the gaseous phase 16 ) that pointed to the possibility of successfully using matrix isolation infrared spectroscopy to identify the precise nature of the low-energy conformers of pyruvic acid accessible to experiment, we decided to submit this compound to a new detailed study using this technique. High-level theoretical methods were used to assist the interpretation of the experimental data.
Experimental Section
Commercially available pyruvic acid (Aldrich, 98%) was used. Before the cryostat was cooled, a freeze-pump-thaw procedure was applied multiple times to the compound to remove volatile impurities. A glass vacuum system and standard manometric procedures were applied to deposit matrix gas (argon, Air Liquid, 99.9999%), which was used without further purification. The argon deposition rate during sample preparation was ca. 10 mmol/h. Spectra were recorded on a Mattson FTIR spectrometer (Infinity 60AR series) in the range 4000-400 cm -1 with resolution 0.5 cm -1 . A DTGS mid-IR detector and a KBr beam splitter were used. A single-beam reference spectrum of the cold substrate was recorded before deposition of the matrix and was used by the spectrometer software as the background to calculate subsequent absorption spectra. All experiments have been done on the basis of the APD Cryogenics closed-cycle helium refrigeration system with a DE-202A expander. Necessary modifications of the sample compartment of the spectrometer were done in order to accommodate the cryostat head and allow purging of the instrument by a stream of dry air to remove water vapors. A KBr window was used as the optical substrate for matrices.
Pyruvic acid is known to readily undergo photodecomposition and its mechanism is found to be the unimolecular decarboxylation. [18] [19] [20] [21] [22] [23] In view of the limited stability of the compound, we paid special attention to experimental conditions. For preparation of the matrices of pyruvic acid we employed a technique similar to that previously used to prepare samples of matrix-isolated formic acid. 24 The main idea consists of depositing pyruvic acid from a Knudsen cell protected against light. Such a cell, with shut-off possibility, has been built on the basis of an SS-4 BMRG micrometer valve (NUPRO). The sample compartment had a volume of about 1 mL and was glass-made, and precautions were taken in order to prevent exposure of the compound to light. The cell had two thermostatable parts: the valve nozzle and the sample compartment. Cooling of the sample compartment to 273 K was used to lower the saturated gas pressure over the liquid and achieving a better metering function of the valve. The exact sample-to-matrix ratios could not be measured in this layout. However, concentrations could be estimated indirectly by comparison to the spectra obtained for samples prepared using the standard manometric technique. This comparison enabled us to conclude that the samples deposited from the Knudsen cell were dilute enough to neglect association in the matrix. Annealing of the matrix up to 30 K revealed bands due to aggregates. These bands appear in the following regions: 1787-1773, 1745-1733, 1379-1373, 1363-1361, 1351-1337, 1225-1217, 1160-1151, 1128-1123, 975-970, 709-701, 683-675, and 669-667 cm -1 .
Theoretical Methods
In the present study both DFT and correlated level ab initio methods were used to estimate the relative conformational stabilities and the harmonic vibrational frequencies. The DFT calculations were performed with the B3LYP three-parameter density functional, which includes Becke's gradient exchange correction, 25 the Lee, Yang, Parr correlation functional, 26 and the Vosko, Wilk, Nusair correlation functional. 27 The standard Dunning's correlation-consistent double-basis set augmented with s and p diffuse functions on hydrogen and s, p, and d diffuse functions on heavy atoms (the aug-cc-pVDZ basis set) [28] [29] [30] was used in the calculations.
The geometries of all pyruvic acid conformers were first fully optimized at the B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels of theory. This was followed by harmonic frequency calculations at these levels. The calculated frequencies were used to assist the analysis of the experimental spectra and to account for the zero-point vibrational energy contribution. The calculated harmonic frequencies were scaled down with two scaling factors: 0.96 for the O-H and C-H stretching vibrations and 0.99 for all other vibrations. In our previous studies on the conformational behavior of the nonionized amino acids 1,2 these scaling factors yielded the best agreement between the frequencies calculated with the aug-cc-pVDZ basis set and the observed ones. The relative stabilities of the pyruvic acid conformers were also calculated at the MP4, CCSD, and CCSD(T)/aug-cc-pVDZ levels of theory for the geometries optimized at the MP2/augcc-pVDZ level.
All calculations in this work were performed on IBM RS6000 workstations using Gaussian 98. 31 Table 1 presents the optimized geometries of the three lowest energy conformational states of pyruvic acid calculated at the B3LYP/aug-cc-pVDZ and MP2/aug-cc-pVDZ levels of theory, their predicted rotational constants, and dipole moments. Previ-ously reported 13, 14 experimental data for the most stable Tc conformer are also included in this table for comparison. Four pyruvic acid conformers ( Figure 1 ) were found in the preliminary HF/6-31G* and MP2/6-31G* calculations but the more accurate calculations with the basis sets augmented with diffuse functions failed to locate conformer Cc at either the HF or MP2 levels of theory. In all cases optimizations converged to the lowest energy conformer Tc. Thus, we concluded that only three conformers (Tc, Tt, and Ct) are the true minima on the pyruvic acid potential energy surface. The zero-point vibrational-energycorrected absolute energies for Tc calculated at different levels of theory and relative energies for other conformers are shown in Table 2 .
Results and Discussion
The detailed analysis of the geometries predicted for the different conformers of pyruvic acid was already made in previous theoretical studies 6, 8 and will not be repeated here. It is, however, worth noting that despite the fact that the general trends are essentially the same as discussed previously, 6, 8 the higher level MP2 calculations presented in this study show a slightly better agreement with the experiment. 13, 14 In particular, this concerns the bond angles, which are usually more difficult to accurately calculate than the bond lengths. Furthermore, the MP2/aug-cc-pVDZ predicted values for the CdO bond lengths are in considerably better agreement with the experimental values than the previous estimations obtained using other levels of theory and basis sets. The good agreement shown between the theoretical and experimental structural data gives us confidence in the general quality of the calculations of the vibrational properties.
All calculations yield conformer Tt more stable than conformer Ct. Except at the HF level, all calculations estimate an energy difference between Ct and Tt of ca. 4-6 kJ mol -1 . The energies of these two conformers in relation to the most stable form (Tc) are predicted by the ab initio methods within the ranges 4.8-9.9 and 10.2-15.7 kJ mol -1 , respectively, for Tt and Ct (see Table 2 ). The corresponding DFT/B3LYP/aug-cc-pVDZ-calculated values are 10.7 and 17.4 kJ mol -1 , and thus are similar to those obtained at the highest ab initio level of theory used, [CCSD(T)/aug-cc-pVDZ: 9.6 and 15.7 kJ mol -1 ].
A typical survey infrared spectrum (fingerprint region) of pyruvic acid isolated in an argon matrix is shown in Figure 2 . This spectrum strongly improves on the previously obtained data, 17 in particular concerning the absence of decomposition products, e.g., acetic acid (a detailed study of both thermal-and photodegradation of pyruvic acid, probed by matrix isolation infrared spectroscopy, has also been undertaken in our laboratory and will be the subject of a future publication). Minor bands ascribable to traces of CO 2 and H 2 O could still be observed in the spectrum, but these are unequivocally assigned to noninteracting well-isolated monomeric species. 32, 33 Thus, we can firmly state that these substances do not interfere with the compound under study and its presence does not play any relevant role in the problems under analysis.
As mentioned in the Introduction, Hollenstein and collaborators had not excluded the possibility that some of the minor In both cases the compound compartment was kept at 273 K (icewater bath) and the optical substrate kept at 10 K during the matrix deposition process. Baseline was subtracted from the spectra and then the spectra were normalized to the same intensity of the OH stretching vibration band of conformer Tc (see text). bands they left unassigned in their study were due to a conformer other than the most stable Tc form. 17 To test this hypothesis, we recorded new spectra of matrix-isolated pyruvic acid using different Knudsen cell nozzle temperatures. Expansions of some selected spectral regions showing the spectra obtained at 296 and 480 K are presented in Figures 3-6 . The spectra were normalized to the same intensity of the OH stretching vibration of conformer Tc, since ν(OH) mode in this conformer is predicted by the calculations to have a clearly distinct frequency when compared with the same mode in any other conformer. It is clear from these figures that several absorptions increase their intensities relative to the bands due to conformer Tc upon increasing the temperature of the nozzle. Taking into consideration the theoretical results (both structural and vibrational data) now obtained, we were able to unequivocally assign these bands to conformer Tt, as described in detail below. Tables 3 and 4 summarize the assignments now made for the two experimentally observed conformers of pyruvic acid. These tables present the observed frequencies, intensities, and the corresponding calculated values obtained using the DFT and MP2 methods, together with the calculated potential energy distributions (PED). Table 5 shows the calculated data for conformer Ct.
All bands assigned to conformer Tt increase their intensity in a concerted way when increasing the temperature of the nozzle relative to those bands that originated in the conformational ground state, in consonance with the higher energy of the Tt form. In Figures 3-6 , these bands can be easily noticed. We shall start by discussing in detail the results shown in Figure  3 (ν(CdO) stretching spectral region) since these are particularly relevant to prove the identity of the second observed conformer.
In the ν(CdO) stretching region the two vibrations of conformer Tc give rise to the doublet of bands at 1730.2 and 1727.9 cm -1 (ν(C2dO1)) and to the set of bands in the region 1791-1800 cm -1 (ν(C3dO4)). In both cases, the observed splitting can be attributed to matrix site effects, due to existence of different local environments around the matrix-isolated pyruvic acid molecules (it is well-known that this phenomenon is particularly noticeable for vibrations involving large transition dipole moments, as is the case of carbonyl stretching modes). The low-intensity doublet at 1821.6 and 1818.2 cm -1 and the more intense band at 1804.7 cm -1 are due to the δ(COH) + δ(C2dO1) combination and the 3*(δ(C2dO1)) overtone vibrations of Tc in Fermi resonance with ν(C3dO4), as previously demonstrated by Hollenstein and collaborators. 17 The two carbonyl stretching vibrations of the Tt conformer are observed as site-split doublets at 1763.7/1761.4 cm -1 (ν(C3dO4)) and 1750.8/1749.4 cm -1 (ν(C2dO1)). Noteworthy, in consonance with the assignment of these bands to conformer Tt, the difference between the average frequencies of the two doublets is ≈13 cm -1 , being of the same order of magnitude of the predicted values for the Tt conformer (MP2: 11 cm -1 , DFT: 26 cm -1 ) and clearly distinct from the calculated values for the Ct form (MP2, 72 cm -1 ; DFT, 57 cm -1 ).
The small band observed at 1779.0 cm -1 is due to traces of acetic acid, 34 while the low-intensity features observed around 1787-1783 and 1745-1733 cm -1 are due to a minor percentage of aggregated pyruvic acid. We shall stress that these bands correspond to the most intense infrared absorptions of these species. Furthermore, in the case of acetic acid, the analogical band corresponds to the single feature that could be clearly observed in the spectrum. These results clearly prove that, as mentioned in the Experimental Section, both degradation of the sample and aggregation could be almost completely avoided in our experiments.
In the ν(O-H) stretching region (Figure 4 ), the bands originated in the two conformers could be easily observed. The most stable Tc conformer gives rise to the intense band (split due to matrix-site effects) near 3440 cm -1 , while conformer Tt originates the doublet near 3555 cm -1 . The observed red shift in the ν(OH) mode of conformer Tc, due to the presence in this form of the intramolecular hydrogen bond, is ca. 115 cm -1 (taking as the reference value the frequency of the Tt form). This indicates that the hydrogen bond in the most stable conformer of pyruvic acid is considerably stronger. For instance, it is stronger than in oxalic (HOOCCOOH) and glycolic (CH 2 -OHCOOH) acids, where the corresponding values for ∆ν(OH) were found to be 70 and 80 cm -1 , respectively, 35, 36 though it is considerably weaker than in neutral glycine (CH 2 NH 2 COOH; ∆ν(OH) ) 360 cm -1 ) 1 and malonic acid (HOOCCH 2 COOH; ∆ν(OH) ) 295 cm -1 ). 37 The feature at 3584.2 cm -1 we assign to the first overtone of the C3dO4 stretching vibration of conformer Tc. Figure 5 shows the spectral region between 1170 and 940 cm -1 . This is the region where the bands due to the ν(C-O) stretching and methyl rocking modes (γ(CH 3 ) A′′ and γ(CH 3 ) A′) are predicted (see Tables 3 and 4 ). The vibrations of the Tc conformer are easily ascribed to the most intense bands appearing in this region at 1136.8/1133.0, 1017.8, and 968.4/ 967.1 cm -1 , respectively, with the doublets due to site splitting effects. Conformer Tt gives rise to the bands that increase with the temperature of the nozzle; those are observed at 1118.8/ 1116.6/1111.0 cm -1 (ν(C-O)) and 961.9/957.9 cm -1 (γ(CH 3 ) A′). The very low intensity of the γ(CH 3 ) A′′ mode in this conformer (see Table 4 ) prevents its experimental observation. Most of the remaining (low-intensity) bands observed in this spectral region could be identified as due to aggregates (1160-1151, 975-970 cm -1 ), or combination tones (e.g., the doublet around 1050 cm -1 is ascribed to τ(OH) + γ(C2dO1), the combination mode of Tc). The origin of the small bands at 1007.7 and 998.2 cm -1 still requires further investigation, but there is some evidence suggesting that the low-frequency band is associated with thermal degradation in the gas phase prior to deposition.
In the 800-540 cm -1 spectral region ( Figure 6 ), the δ(C2d O1), τ(OH), and γ(C3dO4) vibrations of the Tc conformer are assigned to the bands at 603.8/602.2, 664.2, and 762.2/758.9 cm -1 , respectively. In agreement with the relative position predicted by the calculations (see Tables 3 and 4 ), the corresponding bands due to the Tt conformer are observed at 592.1, 588.2, and 722.7/716.4 cm -1 . Besides these bands, the lowintensity band at ca. 788 cm -1 is now assigned to the ν(C3-C2) vibration of the Tc conformer. This band was not assigned by Hollenstein and collaborators. 17 The ν(C3-C2) mode ascribed by these authors to the doublet at 762.2/758.9 cm -1 is now reassigned to γ(C3dO4). In ref 17, γ(C3dO4) was assigned to the doublet at 722.7/716.4 cm -1 which, however, could now be assigned to the Tt conformer, since it follows the general pattern of variation of intensity with the nozzle temperature of all other bands assigned to this conformer. In the same spectral region, the band at 653.2 cm -1 is assigned to the γ(C2dO1) + δ(CCC) combination tone of the Tc conformer, whose fundamentals were observed at 395.4/393.4 and 258.0 cm -1 , respectively, 17 while the small shoulder at ca. 670 cm -1 is due to aggregates. Finally, the band at 662.0 cm -1 , which is clearly visible in the spectrum obtained using the highest nozzle temperature, is due to isolated CO 2 , which appears in the matrix as a decomposition product. Dahoo et al. investigated the spectrum of CO 2 isolated in argon matrixes 32 and they were able to observe bands at 661.9 and 663.8 cm -1 due to the degenerated bending modes of CO 2 isolated in two different matrix sites. It is important to note that by subtracting the two spectra of pyruvic acid shown in Figure 6 , obtained using different nozzle temperatures, the second band due to the bending modes of CO 2 becomes clearly visible. This band is superimposed with the 664.2 cm -1 band of pyruvic acid and contributes somewhat (ca. 6%) to the total intensity of the observed spectral feature. Assuming that, in a relatively narrow region T 1 -T 2 , the change in entropy is negligible and that the shift of the conformational equilibrium K ) K ij (T 2 )/K ij (T 1 ) ) I j (T 2 )/I j (T 1 ), the enthalpy difference ∆H ij can be derived from the ratio of the integral intensity of conformer bands using eq 1, when the spectra are rescaled to equal intensities I i of the bands of conformer i at T 2 and T 1 .
The integrated intensities corresponding to the bands assigned to ν(OH), ν(C2dO1), ν(C3dO4), ν(C-O), γ(CH 3 ) A′ and the pair of bands τ(OH)/δ(C2dO1) (see were used for the calculation of ∆H ij , yielding an average value of 8.7-((15%) kJ mol -1 . This value is of the same order of magnitude of the previous estimation obtained for the gaseous phase using the ν(O-H) infrared intensities [9.8((14%) kJ mol -1 ], 16 and very close to our best calculated value for ∆E (9.6 kJ mol -1 ; see Table 2 ).
Conclusion
This work reports a matrix isolation spectroscopic and theoretical ab initio and DFT study of pyruvic acid. Use of the double-thermostated Knudsen cell permitted us to identify for the first time the spectral signature of a second conformer of pyruvic acid. This was shown to be the Tt conformer, whose observed enthalpy difference relative to the most stable Tc conformer for the argon isolated compound is estimated to be 8.7((15%) kJ mol -1 .
